INTRODUCTION
============

Human intervertebral disc degeneration is thought to be a source of back pain; however, the patho-mechanism is not fully understood. Pain mechanisms have been explored using animal disc degeneration models, samples harvested from painful human discs, MRI studies, and biomechanical studies. In two review articles, Ohtori, et al.[@B1] and Lotz and Ulrich[@B2] reported that painful discs are characterized by a confluence of innervation, inflammation, and mechanical hypermobility.

In several human and animal studies, sensory nerve fibers in degenerated discs were shown to express painful neuropeptides and growth factors, such as substance P (SP)[@B3][@B4] and calcitonin gene-related peptide (CGRP)[@B5][@B6] as well as nerve growth factors.[@B7] Furthermore, it has been reported in animal models that such neuropeptides are up-regulated in dorsal root ganglion (DRG) neurons innervating intervertebral discs after disc injury or during inflammation and degeneration. Thus, these peptides may be a target for treatment of discogenic pain.[@B8][@B9]

Voltage-gated sodium (NaV) channels are a class of transmembrane proteins that conduct current and enable fast cellular depolarization.[@B10] Nine functionally unique mammalian NaV alpha subunits (NaV1.1--1.9) have been identified and cloned.[@B11] Painful genetic disorders, such as primary erythromelalgia and paroxysmal extreme pain disorder,[@B12][@B13] occur when the SNC9A gene encoding the alpha subunit of NaV1.7 is mutated to alter channel activity. In contrast, truncation of the gene or loss-of-function mutations can result in conditions in which individuals are unable to feel pain.[@B14] Thus, of the nine NaV subunits, NaV1.7 represents the most promising analgesic target to date. Interestingly, it was reported that the SNC9A gene is closely associated with knee osteoarthritis (OA) pain, and an amino acid change in the NaV1.7 α-chain is associated with knee pain in patients with OA.[@B15][@B16] Previously, we evaluated pain-related expression of NaV1.7 in DRG neurons innervating punctured intervertebral discs in a rat animal model.[@B17] Disc injury was shown to increase NaV1.7 expression in DRG neurons.[@B17] This suggested that NaV1.7 may be a therapeutic target for pain in patients with disc degeneration.

The purpose of the current study was to examine the effect of blocking NaV1.7 on sensory nerves after disc injury in rats.

MATERIALS AND METHODS
=====================

All protocols for animal procedures were approved by the Ethics Committees of Chiba University in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals (1996 revision).

Retrograde Fluoro-Gold labeling of DRG neurons innervating the L5/6 disc
------------------------------------------------------------------------

Thirty-six male Sprague-Dawley rats weighing 220--250 g were used. Animals were anesthetized with sodium pentobarbital (40 mg/kg, i.p.). All animals underwent a midline ventral longitudinal incision to expose the L5/6 intervertebral disc. Approximately 10 µg of Fluoro-Gold neurotracer crystals (FG; Fluorochrome, Denver, CO, USA) were applied to the surface of the L5/6 intervertebral disc to label the DRG neurons innervating the discs. Ten minutes after FG application, 24 rats underwent intervertebral disc puncture, in which each disc was punctured five times with a 23-gauge needle (puncture group), and 12 rats were used as non-puncture controls (non-puncture group). The puncture group was divided into a 10 µL saline infusion group (puncture+saline group) and a NaV1.7 inhibition group (puncture+anti-NaV1.7 group), injected with 2.5 µg of anti-NaV1.7 antibody (10 µL; Alomone Labs Ltd., Jerusalem, Israel); n=12 animals per group. The hole was immediately sealed with cyanoacrylate adhesive to prevent leakage of anti-NaV1.7 antibody or saline, and the skin was closed. The puncture procedure was performed according to our previously reported methods.[@B18]

Immunohistochemical detection of calcitonin gene-related peptide in DRGs
------------------------------------------------------------------------

CGRP immunostaining was evaluated 7 and 14 days post-injury (7 days: non-puncture group, n=6; puncture+saline group, n=6; and puncture+anti-NaV1.7 group, n=6; 14 days: non-puncture group, n=6; puncture+saline group, n=6; and puncture+anti-NaV1.7 group, n=6). Rats were anesthetized with sodium pentobarbital (40 mg/kg, i.p.) and transcardially perfused with 500 mL of 4% paraformaldehyde in phosphate buffer (0.1 M, pH 7.4). From a dorsal approach, the back muscles and lamina were removed, and bilateral DRGs from levels L1 to L6 were resected. The specimens were immersed in the same fixative solution overnight at 4℃. After incubation in 0.01 M phosphate buffered saline (PBS) containing 20% sucrose for 20 hours at 4℃, each ganglion was sectioned at a thickness of 10 µm on a cryostat and mounted on Poly-L-Lysine-coated slides.

Sections were blocked in a solution consisting of 0.01 M PBS containing 0.3% Triton X-100 and 3% skim milk for 60 min. Sections were then incubated with rabbit anti-CGRP (Chemicon, Temecula, CA, USA), diluted 1:1000 in blocking solution, for 20 hours at 4℃, followed by incubation with goat anti-rabbit Alexa-488 fluorescent antibody conjugate for visualization (1:400; Molecular Probes, Eugene, OR, USA). After each step, the sections were rinsed three times in 0.01 M PBS.

Ten sections were selected at random for evaluation. The sections were examined using a fluorescence microscope (Nikon, Tokyo, Japan). The number of FG-labeled neurons and FG-labeled/CGRP-immunoreactive (IR) neurons was counted. The number of IR-DRG neurons per 0.45 mm^2^ was counted at 400×magnification using a counting grid.

Statistical analysis
--------------------

The average ratio of FG-labeled/CGRP-IR neurons in each DRG was compared between groups using Welch\'s unpaired t test. The distribution of FG-labeled DRG neurons and CGRP-IR DRG neurons was analyzed using non-repeated measures ANOVA with the Bonferroni post hoc correction. *p*\<0.05 was considered statistically significant. Results are reported as the mean±SEM.

RESULTS
=======

FG-labeled DRG neurons innervating the L5/6 disc
------------------------------------------------

FG-labeled DRG neurons innervating the L5/6 disc were present in bilateral DRGs from levels L1 through L6 ([Table 1](#T1){ref-type="table"}, [Fig. 1](#F1){ref-type="fig"}). There were significantly more FG-labeled DRG neurons at the L2 level than at any other level (*p*\<0.05) ([Table 1](#T1){ref-type="table"}). There was no significant difference in distribution of FG-labeled neurons between right and left sides (*p*\>0.05). There was no significant difference in FG-labeled neurons among the three groups (non-puncture group, puncture+saline group, and puncture+anti-NaV1.7 group) on either day 7 or day 14 (*p*\>0.05) ([Table 1](#T1){ref-type="table"}).

Ratio of FG-labeled/CGRP-IR DRG neurons to FG-labeled neurons innervating the L5/6 disc
---------------------------------------------------------------------------------------

[Fig. 1](#F1){ref-type="fig"} shows FG-labeled and FG-labeled/CGRP-IR neurons from the three groups. [Figs. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"} show the ratio of FG-labeled/CGRP-IR neurons to FG-labeled neurons at each level among the three groups. The ratio of CGRP-IR DRG neurons to total FG-labeled neurons from L1 to L6 in the puncture+saline group significantly increased at 7 and 14 days post-surgery (56±11% and 53±10%, respectively; mean±SE), compared with the non-puncture group at 7 and 14 days (34±6% and 33±7%, respectively; *p*\<0.05). The ratio of CGRP-IR DRG neurons to total FG-labeled neurons from L1 to L6 in the puncture+saline group was significantly higher at 7 and 14 days, compared with the puncture+NaV1.7 antibody group (40±9% and 37±8%, respectively; *p*\<0.05). The ratio of CGRP-IR DRG neurons to total FG-labeled neurons at L5 and L6 in the puncture+NaV1.7 antibody group was significantly greater at 7 days than in the non-puncture group (*p*\<0.05). However, at 14 days, there was no significant difference in the ratio between the puncture+NaV1.7 antibody group and non-puncture group (*p*\>0.05).

DISCUSSION
==========

In the current study, we showed that CGRP expression increases in disc-innervating DRG neurons after disc puncture. However, NaV1.7 antibody suppressed CGRP expression in disc DRG neurons.

Recently, it was reported that the ventral and dorsal portions of the rat L5/6 disc are multisegmentally innervated by the T13 to L2 DRGs via paravertebral sympathetic trunks. These discs are also directly innervated by the L3 to L6 DRGs through the sinuvertebral nerves on the posterior longitudinal ligament.[@B1][@B18] Furthermore, the ventral and dorsal portions of the rat L5/6 disc are mainly innervated by DRG neurons at the L2 level. In the current study, a similar pattern of innervation was observed. For patients with lumbar discogenic pain, blocking the spinal nerves at L5/6 can be effective, although for some patients it is more effective to block the L2 spinal nerves or paravertebral sympathetic trunks.[@B1] In rats, the dorsal portion of the L5/6 disc has been shown to be dually innervated; if this pattern also occurs in humans, this could account for the different clinical outcomes.

Several cytokines, such as tumor necrosis factor and interleukins, as well as growth factors, such as NGF, have been reported to be key factors associated with discogenic low back pain in humans. The use of inhibitors or antibodies against TNF alpha, IL-6, and NGF has been evaluated in clinical trials for back pain.[@B1][@B2][@B7][@B8] Among these, anti-NGF therapy has shown the highest efficacy for back pain in patients.[@B19][@B20] It is thought that the efficacy of anti-NGF is due to the relationship between NGF and CGRP, an inflammatory neuropeptide found in small DRG neurons related to pain transmission. Half of the small DRG neurons related to pain perception are sub-classified into NGF-dependent neurons,[@B21][@B22] and NGF-dependent neurons contain neuropeptides, such as SP and CGRP.[@B21][@B22] Some reports have indicated that the proportion of NGF-independent neurons innervating the skin is higher than that of NGF-dependent neurons.[@B23][@B24] The proportions of NGF-independent and NGF-dependent neurons expressing CGRP that innervate the rat lumbar disc have been reported at 0.6% and 44%, respectively.[@B25] In humans, CGRP-IR nerve fibers are present in lumbar intervertebral discs, while NGF-independent nerve fibers are not.[@B26] Based on these reports, it is likely that the NGF and CGRP pathways could play an important role in pain transmission from the intervertebral discs. In the current study, we used CGRP as a pain marker, and found increased CGRP in DRG neurons innervating punctured discs, suggesting that it may be related to disc pain in humans.

Several authors have reported a relationship between NaV1.7 and pain in both humans and animal models. NaV1.7 expression was shown to increase in the peripheral nerves and DRG neurons after tissue and joint inflammation or peripheral nerve injury.[@B27][@B28][@B29] Furthermore, some authors have suggested that inhibition of NaV1.7 activity is a therapeutic target for several types of pain. It has been reported that inflammatory hyperalgesia is reduced when NaV1.7 is knocked down in mouse primary afferent neurons.[@B30][@B31] Moreover, DRG expression of NaV1.7 was involved in injury-induced neuronal hyperexcitability in a burn-injury model, and blocking NaV1.7 attenuated the hyperexcitability.[@B32] It was suggested that NaV1.7 inhibition may be an effective tool for pain control in patients. In an animal disc injury model, we previously evaluated pain-related expression of NaV1.7 in DRG neurons innervating punctured intervertebral discs in rats.[@B17] In the current study, increased expression of CGRP was observed in the DRG neurons after disc injury, and NaV1.7 antibody suppressed the expression of CGRP. These results strongly suggest that blocking NaV1.7 may be an effective therapeutic strategy for pain treatment.

Our study has several limitations that should be noted. First, we did not examine other cytokines or neuropeptides in DRG neurons innervating the discs. Second, we did not directly evaluate pain behavior, because it is very difficult to evaluate low back pain in animal models. Further studies are thus needed to more directly examine the role of NaV1.7 in discogenic low back pain.

In conclusion, CGRP expression in disc-innervating DRG neurons increased after disc puncture. However, NaV1.7 antibody suppressed CGRP expression in disc DRG neurons. Anti-NaV1.7 antibody is a potential therapeutic target for pain control in patients with lumbar disc degeneration.
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![Ratio of FG-labeled/CGRP-IR DRG neurons to FG-labeled DRG neurons in the non-puncture, puncture+saline, and puncture+anti-NaV1.7 antibody groups on day 7. The ratio at levels L1 to L6 in the puncture+saline group was significantly greater than the non-puncture and the puncture+NaV1.7 antibody groups (^\*^*p*\<0.05). The ratio at levels L5 and L6 in the puncture+NaV1.7 antibody group was significantly greater than the non-puncture group (^†^*p*\<0.05). FG, Fluoro-Gold; CGRP-IR, calcitonin gene-related peptide-immunoreactive; DRG, dorsal root ganglion; NaV, voltage-gated sodium.](ymj-57-748-g002){#F2}
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###### Total Number of FG-Labeled Neurons at Each Level
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                          L1   L2        L3   L4   L5   L6
  ----------------------- ---- --------- ---- ---- ---- ----
  7 days                                                
   Non-puncture           42   420^\*^   36   15   22   3
   Puncture+saline        13   366^\*^   26   22   28   9
   Puncture+anti-NaV1.7   15   356^\*^   31   30   10   12
  14 days                                               
   Non-puncture           21   311^\*^   23   12   20   6
   Puncture+saline        23   292^\*^   29   24   26   9
   Puncture+anti-NaV1.7   32   258^\*^   19   21   18   8

FG, Fluoro-Gold; NaV, voltage-gated sodium.

^\*^*p*\<0.05.
